Abstract Chemical composition, size and structure of the nanoparticle are required to describe nanoceria. Nanoparticles of similar size and Ce(III) content might exhibit different chemical behaviour due to their differences in structure. A simple and direct procedure based on affordable techniques for all the laboratories is presented in this paper. The combination of Raman and UV-vis spectroscopy and particle impact coulometry (PIC) allows the characterization of nanoceria of small size from 4 to 65 nm at a concentration from micromolar to nanomolar, a concentration range suitable for the analysis of lab-prepared or commercial nanoparticle suspensions, but too high for most analytical purposes aimed at nanoparticle monitoring. While the PIC limits of size detection are too high to observe small nanoparticles unless catalytic amplification is used, the method provides a simple means to study aggregation of nanoparticles in the media they are needed to be dispersed for each application. Raman spectroscopy provided information about structure of the nanoparticle, and UV-vis about their chemical behaviour against some common reducing and oxidizing agents.
Introduction
Cerium(IV) oxide nanoparticles or nanoceria are used in a broad range of disciplines from biomedical (e.g. ophthalmology) to technological applications (e.g. catalyst in redox processes), and in the preservation of surfaces against oxidation or UV irradiation [1] . As their use and significance grow, nanoceria leaking becomes a key issue with serious repercussions both for human health and the environment. However, to assess the risks posed by nanoceria, different factors are relevant. These include not only their concentration but also properties such as the nanoparticles' shape, size and structure, as they affect their reactivity and might affect their toxicity [2] . The relevance of the nanoparticle size and surface charge and composition has been noticed by many different authors previously. Nanoparticles with a size below 25 nm can cross the blood-brain barrier, whereas bigger particles will typically accumulate in the liver and/or be discarded through the kidneys. Therefore, only particles smaller than this size can become toxic to the central neural system where the barrier plays a critical role [3] . From the point of view of drug therapy and magnetic resonance, these smaller particles can be used for the targeted treatment and magnetic imaging of brain diseases with the appropriate functionalization and making use of their larger magnetic susceptibility [4, 5] .
The surface and oxidation state will also be critical to determine their potential to cause biological damage directly [6] or through oxidative stress which in turn can lead to cancer and other diseases via free radicals [7, 8] . Recently, it has been demonstrated that the Ce(III) content present on the surface of the nanoparticle is a decisivet factor to asses the biotoxicity of nanoceria [9] .
Shape and size have been usually characterized using transmission electron microscopy (TEM), whereas X-ray diffraction (XRD) provides information about chemical composition and crystal structure. Raman spectroscopy has been suggested as well as a tool to derive the size of the nanoparticles, since the 460 cm −1 band-half width at half height (HWHM) is related to their diameter [10] . However, a critical drawback of these techniques is that to perform such tests the nanoparticles need to be extracted from their suspended media, making difficult their study in solution. Dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) are performed in suspension and can also provide size information, but in this case, the diameter obtained is dependent on the media in which it has been measured. Furthermore, DLS cannot be used for small nanoparticles or transparent media [11] , rendering null its applications to estimate ceria leakage in natural water sources. For the study of nanoceria redox properties, UV-vis spectroscopy can be a very affordable and simple tool as the UVvis spectra change with the Ce(III)/Ce(IV) ratio on the nanoparticle surface [12] . Some redox reactions with colourants and dyes have been followed this way [13] , but the required concentration of nanoparticles is 2.5 μg/mL (5 10 15 NP/L, 8.3 nM), that makes it only useful for characterizing concentrated samples, such as standard solutions or lab-prepared nanoparticles.
Electroanalytical techniques like particle impact coulometry (PIC) [14, 15] allow the detection and monitoring of nanoparticles in suspensions, showing the way to study and understand the behaviour and interactions of nanoparticles in the media in which they are suspended [16] . Recent studies and developments of this technique have improved their analytical performance lowering the limits of detection [17, 18] down to 10 8 nanoparticles/L (0.2 fM) and offering a reliable way to calculate concentration and size of nanoparticles in suspension, even in opaque solutions that contain other nanoparticles [19] . These points marked this technique as a unique and promising mean to obtain valuable information of nanoparticles in complex samples without extraction, separation or use of chemical treatment. However, the presence of absorbed species (molecules or other nanoparticles) on the surface of the PIC working electrode poses a serious problem that hinders the correct development of its applications [20] . On the other hand, it is possible to attain lower limits of detection by diminishing the noise improving the electronic design of the instrumentation and using carbon fibre microelectrodes [21] , although these improvements have not been applied yet to non-synthetic samples, but only to nanoparticles-spiked seawater [16] .
In this work, we address the physico-chemical characterization of nanoceria samples (two aqueous suspensions commercialized for chemical applications and one sample for polishing purposes) by Raman and UV-vis spectroscopy, TEM, X-ray absorption near edge structure (XANES) and PIC. Key properties such as shape, size, redox and chemical structure are studied with the aim of understanding the chemical reactivity of the nanoparticles. We propose a simple methodological alternative based on Raman, UV-vis and PIC to characterize nanoceria and to obtain the maximum information with the minimum time investment to be affordable for most laboratories and users. We think this would be very useful for researchers that need to select a cerium oxide nanoparticle for catalytic or biomedical experiments and also will help to predict the reactivity that may harm living organism.
Experimental Samples
Three nanoceria aqueous suspensions of different nominal diameter were studied: a 4 nm standard (STD-4) from PlasmaChem Gmbh (5 % w/w in HNO 3 , density of 1.04 g/ mL), a 10-20 nm standard (STD-10) from Sigma Aldrich (20 % w/w in 2.5 % w/w acetic acid, density of 1.22 g/mL) and a 30 nm suspension (STD-30) form Alfa Aesar (25 % w/w in H 2 O at pH 3, density unspecified) used for polishing purposes. The colloidal suspensions were kept in the dark at 4°C and sonicated for 5 min before use. Dilutions were prepared by suspending aliquots of the bulk suspensions in the same electrolyte in which they were delivered. All dilutions were prepared daily and sonicated for 2 min before use.
All reagents were of analytical grade. All solutions were prepared with ultrapure water (Milli Q Advantage).
UV-vis spectra of the nanoparticles were periodically obtained in 0.1 M HCl to detect chemical changes or degeneration of the standard.
Instruments and methods
TEM was used to characterize the core size and shape of the nanoparticles. Cerium oxide nanoparticles were imaged using a TEM (Tecnai G2-F30 Field Emission Gun microscope) working at 300 kV with a super-twin lenses and 0.2 nm point-to-point resolution and 0.1 line resolution. The microscope is equipped with an energy-dispersive X-ray analysis system (INCA 200 X-Sight, Oxford Instruments) for elemental analysis and element localization on samples. All samples were prepared on a carbon-coated 300 mesh copper grid. The liquid samples were prepared by depositing and air-drying a droplet on the TEM grid. Images were recorded using a GATAN CCD camera and subsequently analysed with ImageJ 1.47 V. (National Institute of Health, USA) to obtain the size of individual nanoparticles. For each standard, five images were analysed and at least 100 particles/image examined (i.e. 500 nanoparticles/sample analysed in total) for calculating the nanoceria size histograms using Excel. The shape heterogeneity of the ceria nanoparticles in STD-30 precluded us to obtain a representative histogram of the size population in this sample, thus reporting the size as a range here (see Table 1 ).
X-ray absorption spectroscopy (XAS) provides geometrical and electronic information of different materials. XAS spectra are divided in two regions: the XANES and the extended X-ray absorption fine structure (EXAFS). Here, XAS was employed to gain insight into the oxidation state of cerium in the standard ceria nanoparticles, being thus focused on the Ce-Le3 edge region (E = 5526-6156 eV with 0.1 eV interval). The XAS measurements were performed at room temperature on the B18 beamline at Diamond Light Source (UK) [22] . Data were collected in CeO 2 NPs in the fluorescence yield mode with a nine-element Germanium detector using a double crystal Si111 monochromator and Pt-coated branch. Harmonics were rejected with a pair of harmonic rejection mirrors. The Ce-Lα1 fluorescence line was recorded with the detector placed parallel to the X-ray electric polarization field (i.e. forming 90°from the incoming X-ray beam). Data treatment was achieved with ATHENA software [23] .
Raman spectroscopy addressed the characterization of the size and structure of the nanoparticles. Here, the ceria nanoparticles were precipitated by increasing the ionic strength of the solution with NaCl and centrifuged at 5000 rpm for 10 min. The aqueous supernatant was discarded and the solid was shaken with water and centrifuged twice at 5000 rpm for 10 min for cleaning purposes. The precipitated nanoparticles were allowed to dry at 60°C and Raman spectra were obtained with a LabRAM HR 800, Horiba Scientific, with a blue laser (λ = 473 nm) and 250 mW maximum power, spot size 0.5-1 μm.
UV-vis spectroscopy was applied to obtain the redox state of ceria in the nanoparticles suspensions, where differences in the UV-vis spectra may be related to different ratios of Ce(III) and Ce(IV) in the samples. UV-vis spectra of the colloidal dispersions were obtained in different media (HCl, hydrogen peroxide and ascorbic acid) with an Agilent 8453 spectrophotometer between 200 and 1100 nm.
PIC was employed to study the nanoparticles reactivity and stability in suspension. The electrochemical measurements were carried out with a computer controlled AutoLab PGSTAT-12 potentiostat (Utrecht, The Netherlands) connected to a 20-mL voltammetric cell with an Ag/AgCl/3 M NaCl reference electrode from BASi, a Pt auxiliary electrode and working microelectrodes of carbon fibre and Pt (11 ± 2 μm and 10 μm diameter, respectively) (BASi). The electrochemical cell was kept in a Faraday cage during the analyses.
Before measurement, the carbon fibre microelectrode was polished with alumina and the platinum microelectrode with two diamond powders (3 and 6 μm), then they were rinsed with deionized water and sonicated for 5 min in deionized water. While the carbon fibre microelectrode was ready to use, the Pt microelectrode still required a chemical treatment with a solution of 1 mM NaBH 4 in 1 M HCl for 15 min to eliminate the platinum oxides from the surface and minimize the noise.
The data were treated using a Fast Fourier transform filter that blocked the 50-and 150-Hz frequencies, as well as to count the transients and calculate their peak area.
Results and discussion
Physical characterization TEM and Raman spectroscopy provided information about shape, size and structure of the nanoparticle once they have been isolated from the solution.
The crystalline structure and spherical shape of the CeO 2 nanoparticles could be clearly appreciated from the TEM bright-field images of STD-4 and STD-10. The TEM-based size histograms showed diameter distributions in the commercial suspensions ranging from 1 to 5 nm (most frequent size 3 nm), and from 2 to 11 nm (most frequent size 5 nm) for STD-4 and STD-10, respectively (Fig. 1a, b) . STD-30 was observed to be a suspension of cubic-shaped nanoparticles and great dispersion of size (Fig. 1c) , where their diameters range from 2 to 65 nm. The particle-core sizes determined by TEM differed considerably from the nominal size reported by the manufacturer for STD-10 (i.e. 5 versus 10-20 nm), and showed a wider range of variation relative to the nominal size for STD-30 (i.e. 2-65 versus 30 nm). The discrepancy was not that notorious for STD-4 (3 versus 4 nm).
Raman spectroscopy was used to investigate the chemical configuration of the samples and nanoparticles dimensions. All the three standard suspensions showed the characteristic F2g peak at 465 cm −1 (Fig. 2 ) that corresponds to a symmetrical stretching mode of the Ce-O bond. The width at half height of this peak can be used to calculate the diameter of the nanoparticle (HWHM) [10] and the oxygen vacancies concentration that defines the chemical properties of nanoceria [24] . Significant differences in this band could be observed amongst the three nanoparticles. The band exhibited a lorentzian profile for STD-30, but a more complex structure for STD-4 and STD-10 that consisted of an asymmetric shift and a widening of the F2g peak. This widening is attributed to a change in the lattice constant due to vacancies and oxygen content [25, 26] . The shape of the Raman spectra in the STD-4
and STD-10 F2g zone (Fig. 2) follows the behaviour observed in small nanoparticles, with the STD-4 spectrum being similar to that of porous nanorods used in oxygen storage [27] . The Raman spectrum is very sensitive to local heating due to the laser used to measure the spectra, itself with a size of 1 μm. The thermal conductivity will vary depending on micro-scale changes in aggregation or thickness of the sample, leading to the variations in Raman spectra as a function of the focal point in the Raman microscope. Consequently, different parts of the STD-4 and STD-10 samples appear to have very different Raman spectra, but they can be fitted using the same peak analysis. We can consider that the F2g peak remains roughly in the same position, but its width can drastically change from ∼10 to 35 cm −1 as a function of the inhomogeneous, local strain [26] . In addition to 465 cm −1 for STD-4 and 455 cm −1 for STD-10, other peaks appeared at ∼380, 420 and 490 cm −1 in STD-4
( Fig. 2a) and 396, 429 and 481 cm −1 in the STD-10 Raman spectra (Fig. 2) . For the three measurements applied on STD-4 and STD-10, the F2g peak overlapped depending on its peak width, resulting in a shift of the spectra maximum from 465 to 450-455 cm
. The peaks at ∼380, 420 and 490 cm −1 in the STD-4 and 396, 429 and 481 cm −1 in STD-10 can be attributed to the transversal and longitudinal phonons at the L symmetry point of the Brillouin zone [27, 28] . Another peak at 595 cm −1 was also observed in STD-4. This signal is sometimes referred to as the Bdefect peak^, commonly assigned to intrinsic defects and oxygen vacancies [29, 30] . The areal ratio between the F2g peak at 465 cm −1 and this defect peak can therefore be used to estimate the crystallinity and oxygen content of the sample. Here, the ratio was approximately 1:1 if only the deconvoluted band at 450 cm −1 is considered, while six to seven times larger when calculated relative to the whole area integrated under the peaks at 380, 420, 450, 465 and 490 cm −1
. The enhanced factor when considering the whole area is likely caused by a broadening of the bands due to inhomogeneity between the particles and the heating effects aforementioned, therefore the F2g to defect peak ratio is more likely to be representative of the actual crystallinity and oxygen content of the sample.
The Raman spectra for sample STD-30 offered a clear and narrow band at 465 cm −1 (Fig. 2) , whose HWHM depended on the area at which aimed the laser beam varying from 8.5 to 5.8 cm
. A broad distribution of size, from 14 to 64 nm, was observed as it was also confirmed by TEM. The size calculation was not carried out for STD-4 and STD-10 due to the complex structure of the band.
Chemical characterization
XAS provided information about the chemical composition of the samples and UV-vis and PIC were used to obtain information of the nanoparticles in suspension.
Analysis of the XAS region provided information on the cerium oxidation state in the nanoceria suspensions. The presence of two peaks in the excitation-energy signal at the Ce L3 edge suggested the predominance of Ce(IV) in the three samples (Fig. 3) .
Applying a linear combination fitting (LCF) to the energy signal provides an estimate for the proportion of the Ce oxidation state and confirms the predominance of Ce(IV). Two cerium species were used as references of the two oxidation states of cerium, CeO 2 and Ce(NO 3 ) 3 , respectively. The LCF results for Ce L3-edge XANES spectra indicated that Ce(IV) was the dominant form of Ce (≥90 %) in the three suspensions, with the contribution of Ce(III) varying in function of the sample (Table 1 ). The lower proportion of less-packed Ce(III) observed in STD-30 (6 %) relative to STD-4 (9 %) or STD-10 (10 %) was interpreted in relation to the larger size of the ceria nanoparticles in STD-30 (Table 1) . This confirms the lower content of Ce(III) in the larger STD-30 nanoparticles.
The UV-vis experiments were performed in three media: HCl, ascorbic acid and hydrogen peroxide. They were selected due to its relationship with the applications of nanoceria as a catalyst [31] , a free radical scavenger [26] and an oxidant in chemical reaction [32] .
The UV-vis spectra in 0.1 M HCl showed as well significant differences between samples according to their different size [33] . STD-4 and STD-10 of similar size and similar Ce (III)/Ce(IV) ratio have similar UV-vis spectra, with two peaks at 264 nm and at 340 nm as correspond to small nanoparticles that have a relevant concentration of Ce(III) on the nanoparticles surface [31] , while the spectrum of STD-30 showed a shoulder at 340 nm (Fig. 4) , shifted to bigger values of wavelength as correspond to larger nanoparticles. This information is in agreement what it was previously described by XAS.
Ascorbic acid is commonly used as an antioxidant agent in food preparations and a common component of many physiological media that can interact with the Ce(IV) on the nanoceria surface, reducing it to Ce(III) [34] . Recently nanoceria has been proposed as drug delivery vehicle due to its ability to react with ascorbic acid and further dissolution of the reduced nanoparticle [33] :
Different concentrations of ascorbic acid were tested (2, 4, 6 and 8 mM) in 0.1 M HCl. The spectra for an 8 mM ascorbic acid at different times for the three samples are shown in Fig. 5 . According to their spectra, the three studied samples reacted differently upon addition of ascorbic acid. Sample STD-4 turned orange when the ascorbic acid was added, although this colour faded away with time and became transparent after 45 min. Similarly, STD-10 turned into orange and maintained this colour longer after addition, not disappearing until 48 h later. In contrast, STD-30 did not change its colour and the UVvis spectrum remains the same upon addition of the acid.
Sharpe et al. [34] consider that the de-hydroascorbic acid resulting of the oxidation of ascorbic acid is bound to the surface of the reduced CeNP. The resulting complex is responsible for a charge transfer effect that causes the colour change to brown. Their observation was supported by the changes in the UV-vis spectra of the CeNP before and after addition of the oxidant. The formation of complexes between carboxylic acids and the surface of a CeNP has been reported and studied by Lu et al. [35] . They concluded that the binding takes place by bidentate chelating and by bridging mode on the surface of the reduced NP.
The observed differences on the reaction rates with the ascorbic acid are due to the different size. The smaller nanoparticles (STD 4 and STD 10) exhibit a higher surface/volume ratio, which results in a faster reaction with the reducing agent. That is why STD 30 did not show any change when exposed to ascorbic acid. The differences of the reaction rate between STD 4 and STD 10 are likely due to the structural difference observed by Raman spectroscopy that makes STD 4 more reactive than STD 10.
Upon addition of H 2 O 2 , samples STD-4 and STD-10 were observed to turn orange indicating oxidation of the present Ce(III) to Ce(IV) and the formation of brown peroxyl complexes on the surface of the oxidized nanoparticle (32) . In contrast, sample STD-30 did not show any change in colour during 48 h of observation. UV-vis spectra of the nanoparticles in the HCl-H 2 O 2 media were compared with those in HCl to explain this behaviour (Fig. 6 ). Some differences were noticed in the STD-4 spectra that were not observed in STD-10 and STD-30. For STD-4, the peak intensity at 337 nm corresponding to Ce(IV) decreased immediately after exposition to H 2 O 2 . This was interpreted as the reduction of Ce(IV) to Ce(III). For STD-10, the 337-nm peak shifted to 357 nm and with higher intensity upon H 2 O 2 addition, while the peak at 261 nm decreased, indicating oxidation of Ce(III) to Ce(IV) in the nanoparticles. [36] . For STD-30, the spectrum in HCl did not virtually change upon addition of H 2 O 2 , suggesting that no significant reaction occurred with these nanoparticles. A similar lack of reaction was described elsewhere for 25 nm diameter nanoparticles [37] . The different behaviour observed between samples may be interpreted in the light of the observed differences in size and structure; bigger nanoparticles did not react with hydrogen peroxide while those with high degree of surficial defects result reduced by hydrogen peroxide in acidic medium.
PIC was used follow the evolution of nanoceria in suspensions under different chemical conditions and estimate their nanoparticle size, if possible. Ce(IV) can be reduced in aqueous media to Ce(III) following a process that is pH-and O 2 concentration-dependent [38] . Since the cerium redox species mostly composing nanoceria is Ce(IV), we decided to use PIC to study the behaviour of the nanoparticles in suspension upon their reduction to Ce(III) in an oxygen-free solution by bubbling nitrogen through the solution for 10 min. Then, a nitrogen blanket was kept on the solution surface to avoid reequilibration with the atmosphere.
Given the small dimensions of the nanoparticles, an evaluation of the size limit of detection was first required. This limit is determined by the noise produced by the instrument and the working electrode [39] . Here, blank experiments were run to measure the noise and the limit of detection was calculated as three times this noise. Two different microelectrode disc materials, Pt and carbon, were also investigated.
The minimum detectable nanoparticle diameter caused the smallest spike that could be observed. Its charge was estimated considering the spike as a rectangle triangle, the height three times the noise of the baseline and its base, the width of a regular spike, that is 10 ms. The radii of the nanoparticle was then calculated using Eq. (1), if direct reduction of the nanoparticle is observed or using Eq. (2) if catalytic amplification is involved
Where Q is the charge of the collision event, F the Faraday constant, ρ the density of CeO 2 , r np the nanoparticle radius and Ar the relative atomic mass.
The derived results for the smallest detectable spikes are shown in Table 2 .
According to the defined limits of detection, the procedure does not allow us to detect the nanoparticles present in the samples under study. It has to be mentioned the improvement of the limit of detection in 0.1 M HCl + 10 mM H 2 O 2 media by increasing the magnitude of the detected signal using catalytic amplification [40] but it is not low enough to detect STD-4 and STD-10. However, the data proved useful to evaluate the formation of agglomerations in the three proposed media.
The first set of experiments was performed in 1 M HCl. Working potentials of 0, −0.2 and −0.5 V were used. Collision events were observed only with the working electrode set at −0.5 V. A glassy carbon electrode was chosen as working electrode because the noise was very similar for both of them (see Table 2 ).
A diluted suspension of STD-4 was prepared in 1 M HCL. A concentration of 4 × 10 18 NP/L (990 mg/L, 6.6 μM) was suspended in the electrochemical cell. After 520 s of observation, 43 spikes were obtained (Fig. 7) The same experiment (observation time 520 s and working potential −0.2 V) was performed for STD-10 (4. 10 18 NP/L, 1410 mg/L, 6.6 μM) and STD-30 (2. 10 14 NP/L, 816 mg/L, 0.3 nM). The concentration of the suspensions was limited by their stability in the supporting electrolyte. No single collision event was observed in neither case, indicating that almost all nanoparticles in the two samples had radii below the limit of detection of 27 nm (see Table 2 ). Extending the observation time to 1000 s did not increase the number of spikes. After 4000 s, ample STD-30 produced only 11 peaks, while STD-10 chronoamperograms remained peakless. The radius of the detected STD-30 nanoparticles was calculated to be between 30 and 50 nm values that are above the nanoparticle diameters observed with TEM (i.e. 2 to 65 nm). The low number of counts is also due to the low concentration of the nanoparticles, which lies in the nanomolar level.
In terms of agglomeration, PIC shows that STD-30 and STD-10 are stable in 1 HCl even at high concentration (816 and 1410 mg/L, respectively) for more than 1 h. This is a key information with direct applications in e.g. medical studies that involve the oral intake of this nanoparticles along with water or contaminated food and their evolution in the HCl medium of the stomach. In spite of the similar size, shape and nanoparticle concentration of STD-4 relative to STD-10, nanoparticles in the former seemed more prone to aggregation in HCl since 43 collisions events of nanoparticles of 20-40 nm of radius were observed in a shorter period of time. This could be explained by the structural differences (i.e. porosity) observed by Raman spectroscopy making the STD-4 nanoparticles more reactive.
The second set of PIC experiments were conducted upon addition of 8 mM ascorbic acid to a suspension of STD-10 (4. 816 mg/L, 0.3 nM). STD-4 was not tested because it dissolved in this medium. No signal was observed by PIC, so we concluded that all the nanoparticles in samples STD-10 and STD-30 are below 32 nm radius. This is a valuable information with direct applications in for instance biomedical studies [33] , where changes in the chemical behaviour of the ceria nanoparticles may be attributed to chemical alterations of the nanoparticle surface through interaction with other components, once the variation of the nanoparticles size (i.e. through aggregation or agglomeration) has been excluded.
A third and last set of experiments was performed upon addition of a catalyser that assists the reaction to amplify the electrochemical signal. H 2 O 2 reduces Ce(IV) to Ce(III) at low pH, and reoxidize it to Ce(IV) at high pH with increasing amount of H 2 O 2 or with oxygen [33] . If the concentration of H 2 O 2 is below 100 mM, Ce(III) active sites are occupied by H 2 O 2 -like species forming stable complexes [41] . Sardesai et al. [42] detected such complexes by reducing them after collision of the ceria nanoparticles (4 g/L) on a Pt microelectrode of 125 μm diameter.
The ceria nanoparticles were treated with 10 mM H 2 O 2 in 0.1 M HCl for 1.5 h (shorter time of treatment with H 2 O 2 leads to unfruitful experiments) and then transferred to the electrochemical cell. The chronoamperograms were obtained at −0.2 V. In this case, the working electrode was a Pt microelectrode [35] .
Collisions events were observed only for STD-4 (4 10 18 NP/L , 990 mg/L, 6.6 μM) after 1.5 h of treatment with H 2 O 2 .
In contrast, no spikes were detected for neither STD-10 (4 10 18 NP/L, 990 mg/L, 6.6 μM) nor STD-30 (2. 10 14 NP/L, 816 mg/L, 0.3 nM). For STD-4, 285 collision events were registered during a 1000-s observation time. The histogram of size distribution can be seen in Fig. 8 .
The size distribution derived from PIC showed that 90 % of the STD-4 nanoparticles had radii smaller than 4 nm, which are slightly larger than the values observed by TEM. As we could observe impacts of 2 nm radius nanoparticles too, we concluded that the addition of H 2 O 2 may have caused mainly a dimers and trimers of the nanoparticles. To explain why similar nanoparticles like STD-10 did not produced the same response, one should bear in mind that STD-4 is a nanoparticle with different structure (i.e. more defects) than STD-10, as revealed by Raman spectroscopy, and consequently its capacity to form OH complexes responsible of the signal may be increased.
Conclusions
The combination of common techniques such as Raman and UV-vis spectroscopy with PIC constitutes a simple and easyto-operate methodology that can provide essential information about the structure and chemical properties of nanoceria, offering more data to select the adequate nanoparticle for each application.
A structured Raman band at 460 cm −1 and a UV-vis spectrum with two peaks at 260 nm and at 340 nm indicate higher content of Ce(III) in the nanoparticle, as it was confirmed by XAS. The presence of an additional band in the Raman spectrum at 595 cm −1 is a consequence of a higher number of defects in the crystal structure that makes this nanoparticle chemically more reactive than others of the same size and Ce(III) content. PIC with catalytical amplification can detect nanoparticles down to 4 nm diameter, but only nanoparticles with more structural defects were detected. This factor plays an important role in the formation of the complex with the OH species that are responsible for the observed signal. Fig. 8 Size distribution of the sample STD-4 using particle collision coulometry with catalytic amplification, 10 mM H 2 O 2 Due to the high limits of detection for size determination using direct reduction of the nanoparticle, this technique was used to monitor aggregation/agglomeration of nanoparticles in media of interest for biomedical and environmental studies. The concentration of nanoparticles of the experiments is four times lower than the previously reported.
